Abstract: In recent years, energy efficiency and data gathering is a major concern in many applications of Wireless Sensor Networks (WSNs). One of the important issues in WSNs is how to save the energy consumption for prolonging the network lifetime. For this purpose, many novel innovative techniques are required to improve the energy efficiency and lifetime of the network. In this paper, we propose a novel Energy Efficient Clustering and Data Aggregation (EECDA) protocol for the heterogeneous WSNs which combines the ideas of energy efficient cluster based routing and data aggregation to achieve a better performance in terms of lifetime and stability. EECDA protocol includes a novel cluster head election technique and a path would be selected with maximum sum of energy residues for data transmission instead of the path with minimum energy consumption. Simulation results show that EECDA balances the energy consumption and prolongs the network lifetime by a factor of 51%, 35% and 10% when compared with Low-Energy Adaptive Clustering Hierarchy (LEACH), Energy Efficient Hierarchical Clustering Algorithm (EEHCA) and Effective Data Gathering Algorithm (EDGA), respectively.
Introduction
For past few years, Wireless Sensor Networks (WSNs) attracted lots of researchers because of its potential wide applications and many research challenges. Early study on WSNs mainly focused on technologies based on the homogeneous WSN in which all nodes have same system resources. However, heterogeneous WSN is becoming more and more popular because the benefits of using heterogeneous WSNs with different capabilities in order to meet the demands of various applications have been presented in recent literature [1] , [2] .
One of the crucial challenges in the organization of the WSNs is energy efficiency and stability because battery capacities of sensor nodes are limited and replacing them are impractical. Since, sensor nodes use a large amount of energy for data transmission and aggregation. Therefore, new energy efficient routing protocols are required to save energy consumption. In this paper, we propose a novel Energy-Efficient Clustering and Data Aggregation (EECDA) protocol for heterogeneous WSN. In this approach, a new Cluster Head (CH) election and data communication mechanism is presented to extend the lifetime and stability of the network. After the
Related Work
Many recent research works in the area of cluster-based WSNs have extensively focussed on energy efficiency, lifetime, stability and scalability. In the past few years, numerous clustering algorithms have been proposed for a wide range of applications [3] , [4] , [5] .
Data aggregation and hierarchical mechanism are commonly used in many critical applications of WSNs. It reduces the data redundancy and communication load [6] . LEACH [7] is the first clustering protocol based on single-hop communication model. In LEACH, during the setup phase, each node generates a random number between 0 and 1. If this random number is smaller than the threshold value, T (s) , which is given by Equation (1) , then the node becomes a CH for the current round. During each round, new CHs are elected and as a result balanced load energy is distributed among the CHs and other nodes of the network.
where p opt is the desired percentage of CHs, r is the count of current round, G is the set of sensor nodes that have not been CHs in the last 1 popt rounds. In this paper, we refer round, 1 popt , as epoch of the heterogeneous WSN.
Power-Efficient Gathering in Sensor Information Systems (PEGASIS) [8] is a chain-based power efficient protocol based on LEACH. It assumes that each node must know the location of all other nodes. It starts with the farthest node and the chain is constructed by using a greedy algorithm. The chain leader aggregates data and forwards it to the BS. In order to balance the overhead involved in communication between the chain leader and the BS, each node in the chain takes turn to be the leader. In [9] , the authors described a heuristic approach to solve the data-gathering problem with aggregation in sensor networks. In this scheme, the data is collected in an efficient manner from all the sensor nodes and transmitted to the BS to maximize the lifetime of the network.
In [10] , the authors have studied the impact of heterogeneity of sensor nodes in terms of their energy and proposed a heterogeneous-aware protocol to prolong the time interval before the death of the first node. In [11] a cost-based comparative study between homogeneous and heterogeneous clustered WSNs is proposed to estimate the optimal distribution among different types of sensors, but this result is hard to use if the heterogeneity is due to the operation of the network. In [12] , authors have developed energy efficient clustering protocol in WSN which is more suitable for periodical data gathering applications. A survey on many ad hoc and mobile ad hoc network clustering schemes are presented in [13] . In this article authors observed that new clustering schemes are required to handle the topology maintenance and managing node movement in the network. In [14] , the authors have proposed a new data gathering approach for single-hop transmission wherein both the data gathering and the aggregation are performed by the same sensor in a cluster but the report to the BS may be done by a different sensor.
In [15] , authors have investigated the problem of cluster formation for data fusion by focusing on two aspects: (i) how does one can estimate the number of clusters needed to utilize efficiently data correlation of sensors for a sensor network, and (ii), how does one can pick the CHs to cover the whole network more efficiently. In [16] , the authors have analyzed the strengths and weaknesses of many existing clustering algorithms and observed many solutions of appropriate aggregation metrics those have been recently proposed in the literature. Energy-Efficient Protocol with Static Clustering (EEPSC) which partitions the network into static clusters and utilizes CHs to distribute the energy load among high power sensor nodes and extends the network lifetime [17] .
A distributed energy saving clustering algorithm called BPEC has been proposed in [18] . In this algorithm, CHs are selected by two probabilities. First is based on the ratio between average residual energy of neighbor nodes and its residual energy and second is the node's degree. By using this algorithm, the entire network broadcasting complexity is O(n), the entire network computing complexity is O(1 ). The results show that when the network has a higher communication coverage density, analytical and experimental results are very close. Energy-Efficient Hierarchical Clustering Algorithm (EEHCA) [19] has adopted a new method for CH election, which can avoid the frequent election of CHs. A new concept of backup CHs is introduced which improves the performance over LEACH and Hybrid Energy-Efficient Distributed clustering (HEED), in terms of network lifetime. An energy efficient hierarchical data gathering protocol, called EDGA adopts weighted election probabilities of each heterogeneous sensor node to become a CH which better handle heterogeneous energy circumstances [20] . The results demonstrate that EDGA significantly outperforms LEACH and HEED in terms of network lifetime.
The authors in [21] have discussed a new CH election problem based on a set of coverage-aware cost metrics which favor nodes deployed in densely populated network areas. The coverage-aware election of CH nodes, active sensor nodes and routers in clustered WSN increases the lifetime as compared with traditional energy based election methods. In [22] , the authors have presented an important corona model to maximize the network lifetime by using maximal transmission range of sensors into different levels. The sensor nodes belong to the same corona have the same transmission range, whereas different coronas have different transmission ranges. In [23] authors have presented a short survey on the main techniques used for energy conservation in WSNs. The main focus is primarily on duty cycle scheme which represents the most suitable technique for energy saving. In [24] , the authors reviewed many existing definitions of network lifetime and discussed about the merits and demerits of these definitions.
EECDA Protocol
The main goal of EECDA protocol is to maintain efficiently the energy consumption of sensor nodes by involving them in a single-hop communication within a cluster. The data aggregation and fusion technique is used to reduce the number of transmitted messages to the BS to save the energy and prevent the congestion. To make the protocol implementation, we have adopted a few reasonable assumptions as follows: (i) n sensor nodes are uniformly dispersed within a square field; (ii) All sensor nodes and the BS are stationary after deployment; (iii) The WSN consists of heterogeneous nodes in terms of node energy; (iv) CHs perform data aggregation; (v) The BS is not energy limited in comparison with the energy of other nodes in the network.
We use the same radio model defined in [7] . The amount of energy required to transmit a L bit packet over a distance, d , is given by Equation (2) .
E elec is the energy being dissipated to run the transmitter or receiver circuitry. The parameters ǫ mp and ǫ f s is the amount of energy dissipates per bit in the radio frequency amplifier according to the distance d 0 , which is given by Equation (3).
The amount of energy required to receive a packet is given by Equation (4).
Impacts of heterogeneity on network performance
By placing few heterogeneous nodes in the network can bring three main benefits: (i) Extending network lifetime: the average energy consumption for forwarding a packet from the heterogeneous nodes to a BS will be much less than the energy consumed in homogeneous sensor networks, (ii) Improving reliability of data communication: the heterogeneous sensor network can get much higher end-to-end delivery rate than the homogeneous sensor network and (iii) Decreasing latency of data transmission: the heterogeneous nodes can decrease the forwarding latency by using fewer hops to the BS.
Optimal number of clusters
The optimal probability of a node to become a CH is very important in WSNs. This clustering is optimal in the sense that energy consumption is well distributed among all the sensor nodes and the total energy consumption should be minimum. Such optimal clustering highly depends on the energy model. For EECDA, we have used similar energy model as discussed in [7] . Let us assume an area A = M × M square meters over which n nodes are uniformly distributed. For simplicity, assume the BS is located in the center of the field, and the distance of any node to the BS or its CH is d 0 . Therefore, the energy dissipated by the CH node during a round is given by the Equation (5) .
where k is the number of clusters, E DA is the data aggregation and d BS is the average distance between a CH and the BS which is given by Equation (6).
The energy dissipated by a non-CH node is given by Equation (7) .
where d CH is the average distance between a non-CH node and its associated CH, which is given by Equation (8) [10] .
where ρ(x , y) is the node distribution and M is the area of monitoring field. The total energy dissipated in a cluster per round is given by Equation (9) .
By substituting Equation (5) and Equation (7) in Equation (9), we obtain energy dissipating during a round which is given by Equation (10) .
By setting the derivative E T with respect to k to zero, we derive the optimal number of clusters which is given by Equation (11) .
Using Equation (6) and Equation (11), the optimal probability of a node to become a CH, p opt , can be computed by Equation (12)
If the clusters are not constructed in an optimal way, the total energy dissipated per round is increased exponentially either when the number of clusters is greater or less than the optimal value.
CH election phase
EECDA considers three types of nodes (i.e., normal, advanced and super) which have deployed in a harsh wireless environment where battery replacement is impossible. Nodes with higher battery energy are advanced and super nodes and the remaining nodes are normal nodes. The main aim of EECDA is to increase the energy efficiency, lifetime and stability of the network in the presence of heterogeneous nodes. Let m be the fraction of advanced nodes among the normal nodes and (m o ) be the proportion of super nodes among the advanced nodes. Let us assume the initial energy of each normal node is E 0 . The initial energy of each advanced and super node is E 0 × (1 + α) and E 0 × (1 + β), where both α and β means the advanced and super node have α and β times more energy than the normal node. Intuitively, advanced and super nodes have to become CHs more often than the normal nodes, which is equivalent to a fairness constraint on energy consumption. The new heterogeneous setting has no affect on the spatial density of the network so the priori setting of, p opt , does not change but the total energy of the network will be changed. The total initial energy of the new heterogeneous network setting is given by Equation (13) .
The first improvement to the existing protocols is to increase the epoch of the sensor network in proportion to the energy increment. In order to optimize the stable region of the system, the new epoch must become equal to ( If we set the same threshold value for super, advanced and normal nodes with the difference that each normal node ǫG becomes a CH once every (
rounds per epoch, and each advanced and super node ǫG becomes a CH (1 + α) and (1 + β) times every (
rounds per epoch, then there is no guarantee that the number of CHs per round per epoch will be p opt × n. This problem can be overcome by modifying the threshold Equation (1) .
In EECDA, we assign a weight to the optimal probability p opt . This weight must be equal to the initial energy of each node divided by the initial energy of the normal node. Let us define p n , p a , and p s are the weighted election probabilities for normal, advanced and super nodes. Virtually there are n × (1 + m × (α − m o × (α − β))) nodes with energy equal to the initial energy of a normal node. In order to maintain the minimum energy consumption in each round within an epoch, the average number of CHs per round per epoch must be constant and equal to p opt × n. In the heterogeneous scenario, the average number of CHs per round per epoch is equal to (1 + m × (α − m o × (α − β))) × n × p n because each virual node has the initial energy of a normal node. Therefore, the weighed probabilities for normal, advanced and super nodes are respectively given by Equations (14) (15) (16) .
By substituting Equation (14) in Equation (1) and a new threshold is derived for normal nodes which is given by Equation (17).
where r is the current round, G ′ is the set of normal nodes that have not become CHs within the last, 1 pn , rounds of the epoch and T (sn) is the threshold applied to a population of n × (1 − m) normal nodes. This guarantees that each normal node will become a CH exactly once every (
) rounds per epoch, and that the average number of CHs of normal nodes per round per epoch is equal to (n × (1 − m) × p n ). Similarly, new thresholds for advanced and super nodes can be derived by substituting Equation (15) and (16) into Equation (1), which are given by Equation (18) and Equation (19) .
Route selection phase
Once all CHs are elected in a specific round by using weighted election probability, each CH first estimates its energy residue E (CHR)s and broadcast this information with its CH role to the neighboring nodes. The value of E (CHR)s can be calculated by Equation (20) .
where G c is the set of elected CHs per round. (E (CHrem)s indicates the remaining energy of CH s in current round and (E (BS)s ) indicates the communication energy dissipated from CH s to the BS. Then, each CH records the value of (E (CHR)s ) in advertisement message and broadcasts advertisement message to the rest of the nodes in the WSN. During the CH election phase, each non-CH node receives all advertisement messages, and extracts all of energy residue data of CH s from advertisement messages.
Moreover, each non-CH node also calculates energy residues (E (N CHR) i ) to every CH respectively which is given by Equation (21) .
where G n is the set of non-CH nodes. (E (N CHrem) i ) indicates the residual energy of non-CH node i in the current round and (E (CH) is ) indicates the communication energy from non-CH node i to CH node s. Finally, each non-CH node would associate one of the existing CH according to maximum energy residue which is given by Equation (22) . Therfore, a path with a maximum sum of energy residues would be selected for data transmission in spite of that path with minimum energy consumption.
Data communication phase
In data communication phase, each non-CH node transmits its data to the associated CH. Each CH will receive all sensed data from its associated non-CH nodes and sends it to the BS.
Simulation Results and Discussion
To evaluate and compare the performance of EECDA with EEHCA, EDGA and LEACH in the heterogeneous WSN, we have conducted simulations for two scenarios: first, a network with 100 nodes deployed over an area of size 100 × 100 square meter, and second, a network with 200 nodes deployed over an area of size 200 × 200 square meter as shown in Figure 1 and Figure  2 , we denote a normal node with (o), an advanced node with (+), a super node with (*) and the BS with (x). The simulation parameters are summarized in Table 1 .
The performance metrics used for these protocols are: (i) Network Lifetime: this is the time interval from the start of the operation until the first and last node dies; (ii) Stability Period: this is the time interval from the start of the operation until the death of the first alive node; (iii) Instability Period: this is the time interval from the death of the first alive node until the death of the last alive node and (iv) Number of alive nodes per round: this is the instantaneous measure reflects that the total number of alive nodes per round that have not yet expended all of their energy. Figure 3 and Figure 4 show that both LEACH and EEHCA fails to take the full advantage of heterogeneity in both the scenarios where the first and last node dies earlier as compared to EDGA and EECDA. Therefore, EECDA prolongs the network lifetime by 51% , 35% and 10% 
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when compared with LEACH, EEHCA and EDGA protocols, respectively. Figures 3, 4 , 5 and 6 present that the unstable region for EECDA is shorter than that of LEACH, EEHCA and EDGA because the normal nodes die in both the scenarios very fast in case of LEACH, EEHCA and EDGA that result in the sensing field it become sparse very fast. On the other hand, advanced and super nodes die in a very slow fashion, because they are not selected as CHs very often after the death of the normal nodes, which again affects the election process of CHs and makes the network unstable. It is quite evident that the stable region of EECDA is extended as compared with LEACH, EEHCA and EDGA for both the scenarios. Figure 5 and Figure 6 indicate that the number of alive nodes are more per round in case of EECDA as compared with EDGA, EEHCA and LEACH because a path with a maximum sum of energy residual would be selected for data transmission in spite of that path with minimum energy in case of EECDA. Figures 7, 8, 9 , 10, 11 and 12 illustrate the performance of residual energy of normal, advanced and super nodes under the heterogeneous settings of EECDA, EDGA, EEHCA and LEACH. Initially, EECDA has the same initial energy as EDGA, LEACH and EEHCA, but gradually it decreases in EDGA, EEHCA and LEACH over rounds. So, EDGA, EEHCA and LEACH have less residual energy left after certain rounds for both the scenarios. Therefore, more the residual energy more efficient is the system.
Conclusion
Most existing research considers homogeneous sensor networks. However, a homogeneous sensor network suffers from poor performance and scalability. In this paper, we have developed a novel Energy Efficient Clustering and Data Aggregation (EECDA) protocol to improve the network performance by using some heterogeneous nodes in the network. A novel cluster head election technique and a path with maximum sum of energy residual for data transmission can maintain the balance of energy consumption in the network. Simulation results show that EECDA has better network lifetime, stability and energy efficiency when compared with EDGA, EEHCA and LEACH protocols. The future work includes more levels of hierarchy with some mobility in the network.
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